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Abstract Earth and Titan exhibit contrasting atmospheric responses to orbital precession. On Earth,
most (water) precipitation falls in low latitudes, and precipitation is enhanced in a hemisphere when
perihelion occurs in that hemisphere’s summer. On Titan, most (methane) precipitation falls in high latitudes,
and precipitation is enhanced in a hemisphere when aphelion occurs in that hemisphere’s summer. We use
a Titan general circulation model to elucidate the dynamical reasons for these diﬀerent responses to orbital
precession. They arise primarily because of the diﬀerent diurnal rotation rates of Titan and Earth. The slower
rotation rate of Titan leads to wider Hadley cells that transport moisture into polar regions. Changes in the
length of summer, rather than in the intensity of summer insolation as in Earth’s tropics, then dominate the
precession response of the hydrologic cycle.
1. Introduction
Saturn’s moon Titan is the only planetary body in our solar system that has an analog of Earth’s hydrologic
cycle. Likewater onEarth,methaneonTitanevaporates at the surface, is transported through the atmosphere,
and precipitates back to the surface. Titan and Earth also have similar orbital eccentricity and obliquity, and
both exhibit orbital variations. In particular, their perihelion—the time of year when the planet is closest to
the Sun—precesses on timescales of tens of thousands of years. Yet their responses to orbital precession are
very diﬀerent: On Earth, most (water) precipitation occurs in low latitudes [e.g., Schneider et al., 2014], and
paleoclimate proxies indicate that annual-mean net precipitation is enhanced in a hemisphere when peri-
helion occurs during summer in that hemisphere—that is, in the hemisphere that has the brighter summer
with more intense insolation [e.g., Cruz, 2005; Wang et al., 2006, 2007, 2008; Herzschuh, 2006]. On Titan, by
contrast, data from the Cassini spacecraft have shown that hydrocarbon lakes mainly occur in polar regions,
preferentially in the north [Aharonson et al., 2009], and this hemispheric dichotomy in the lake distribution
is thought to be driven by a north-south asymmetry in the (methane) precipitation distribution that arises
from Saturn’s orbital eccentricity [Schneider et al., 2012; Lora et al., 2014; Lora and Mitchell, 2015]. Currently,
perihelion occurs during Titan’s (or Saturn’s) southern hemisphere summer (like on Earth today), so the
northern summer is dimmer than the southern. Accumulation ofmethane in the north polar region therefore
may seem puzzling, given that precipitation on Earth is enhanced in the hemisphere with the brighter sum-
mer. That precipitation is enhanced in the hemisphere with the brighter summer is usually taken as axiomatic
[e.g., Ruddiman, 2013].
Key to understanding the contrasting precession responses is that orbital eccentricity leads not only to sea-
sonal variations of the intensity of insolation but also to variations in the length of seasons. At perihelion,
insolation is most intense, but the orbital angular velocity is also maximal, shortening the season during
which perihelion occurs. Conversely, at aphelion, insolation is least intense, but the orbital angular veloc-
ity is minimal, lengthening the season during which aphelion occurs. Because Titan’s (or Saturn’s) perihelion
currently occurs in southern summer, the southern summer is not only brighter but also shorter than the
northern summer. The eﬀects of length-of-season variations and insolation variations between perihelion
and aphelion exactly balance each other when integrated over a season, so annual-mean insolation is not
aﬀected by precession of the longitude of perihelion. Therefore, if the response of methane net precipitation
(precipitation minus evaporation) were linear in insolation, annual-mean net precipitation would be sym-
metric between the northern and southern hemispheres, barring any sizable inﬂuence of asymmetries in
surface boundary conditions. But simulations with a Titan general circulation model (GCM) show that even
without asymmetries in surface boundary conditions and consistent with the observed preferential hydro-
carbon accumulation in the north, more annual-mean net precipitation occurs in the northern hemisphere,
preferentially in thenorthpolar region in summer—apparently because thenorthern summer, albeit dimmer,
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is currently longer [Schneider et al., 2012; Lora et al., 2014]. By contrast, enhanced annual-mean net precipi-
tation in Earth simulations occurs in the hemisphere with the brighter summer [Kutzbach and Guetter, 1986],
possibly because of correlations between insolation variations and the seasonal cycle of moisture advection
[Merlis et al., 2013b] and/or because of nonlinear dynamical eﬀects of continents on the mean circulation
[Tigchelaar and Timmermann, 2015].
Here we use a Titan GCM to show that the diﬀerent responses to orbital precession principally arise because
of the diﬀerences in Titan’s and Earth’s diurnal rotation rates: Titan’s rotation rate is only 1/16 of Earth’s. The
diﬀerent rotation rates imply diﬀerences in the width of the Hadley cells and their meridional reach in trans-
portingmoisture (water ormethane) [HeldandHou, 1980;WalkerandSchneider, 2005; Schneider, 2006;Mitchell
et al., 2006]. These diﬀerences in moisture transport, in turn, control the relative importance of the length of
summer and intensity of summer insolation in determining the atmospheric responses to orbital precession.
2. Model Setup
The Titan GCM is based on the Flexible Modeling System of the Geophysical Fluid Dynamics Laboratory. It is
similar to standard Earth models, but with Titan’s physical parameters [Schneider et al., 2012]. It is a spectral
transform model, and here we use T42 resolution in the horizontal (corresponding to about 2.5∘ × 2.5∘
resolutionof the transformgrid) and18unevenly spaced levels in the vertical (the uppermost level has amean
pressure of 15 mbar). Radiative transfer is represented using the two-stream approximation. Solar radiation
is scattered and absorbed in the atmosphere, assuming diﬀuse incidence andmultiple scattering. Long-wave
radiation is absorbed in the atmosphere. Parameters in the relatively simple representation of radiative trans-
fer are chosen so that the modeled radiative ﬂuxes match observations, similar to Schneider et al. [2012]
but correcting errors in the implementation of the radiative transfer scheme in that earlier study (see the
supporting information). Surface hydrology is represented by a bucket model [Manabe, 1969], with sur-
face methane ﬂows represented crudely (and somewhat unrealistically) as diﬀusive. See the supporting
information for model details.
The simulations are initialized with a dry surface and with an isothermal (86 K) atmosphere containing the
equivalent of 12 m of liquid methane distributed uniformly. The total methane concentration is conserved in
the simulations, up to negligibly small numerical inaccuracies. In the statistically steady state that is reached
after a long spin-up period (100 Titan years, with 1 Titan year = 10,758 Earth days), the seasonally and globally
averaged methane concentration in the atmosphere corresponds to ∼8 m liquid methane in the simulations
with Titan’s rotation rate and to∼7.5 m in the simulation with Earth’s rotation rate. The remainingmethane is
on the surface. The results we show are averages over 20 Titan years in this statistically steady state.
To investigate the eﬀects of the rotation rate, we conducted four simulations: two simulations with Titan’s
rotation rate, for perihelion in southern summer (with Titan’s current longitude of perihelion𝜛 = 277.7∘) and
for the longitude of perihelion turned by 180∘ (𝜛 = 97.7∘), and two simulations with Earth’s rotation rate, for
longitudes of perihelion𝜛 = 277.7∘ and 97.7∘. (Because of the hemispheric symmetry of the boundary con-
ditions, turning the longitude of perihelion by 180∘ reﬂects hemispheric asymmetries in the annual-mean
climate about the equator, provided that multiple statistical equilibria cannot occur simultaneously. To be
sure that the hemispheric asymmetries that develop in our simulations are indeed unique statistical equilib-
ria, we run separate simulations with the longitude of perihelion turned by 180∘.) All other parameters are
kept ﬁxed.
3. Results
The simulationswith diﬀerent rotation rates exhibit drastically diﬀerent responses to precession. For the simu-
lationwith Titan’s rotation rate andperihelion in southern summer (𝜛 = 277.7∘), methane accumulates in the
polar regions,with apreference for thenorth (Figure 1, ﬁrst row). This is consistentwith theobservedhydrocar-
bon lake distribution [Aharonson et al., 2009] and previous simulations [Schneider et al., 2012; Lora et al., 2014,
2015; Lora andMitchell, 2015]. Integrated over the polar caps bounded by 60∘N/S, themean surfacemethane
coverage is 37.4 m in the north polar region versus 11.8 m in the south. (The precise polar methane coverage
depends on the observationally poorly constrained amount of total methane in the system and the strength
of the along-surfacemethane diﬀusion.) The equatorial region between 20∘S and 20∘N is relatively dry, with a
mean methane coverage of ≤0.2 m. However, when the rotation rate is increased to Earth’s, the hemispheric
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Figure 1. (top to bottom rows) Seasonal evolution of the methane surface reservoir B, evaporation E, precipitation P,
and net precipitation P − E for the simulations with Titan’s rotation rate (left) and Earth’s rotation rate (right), all with
perihelion in southern summer (𝜛 = 277.7∘). The grey contours indicate the net solar ﬂux at the surface (contour
interval 0.1 W m−2), and the dashed grey lines mark the northern summer solstice (NSS) and the southern summer
solstice (SSS). The arrows in the P − E plots show the column-integrated meridional methane ﬂux. The panels on the
right show the annual mean of the quantity in the contour plots (red lines), and the annual means for the simulations
with perihelion in northern summer (𝜛 = 97.7∘) (blue lines), to be able to see the precession-induced changes clearly.
dichotomy in the high-latitude surface methane distribution nearly disappears (Figure 1, ﬁrst row).
Methane is evenly distributed between the two polar caps, each with mean methane coverage of ∼23 m.
Instead, the equatorial regions are less dry, with more methane accumulating in the south: about 3.6 m of
methane accumulate in the southern equatorial region between 0∘ and 20∘S versus 0.8 m in the northern
equatorial region between 0∘ and 20∘N.
The surfacemethaneaccumulation is controlledby thenetprecipitation,withprecipitationdiﬀerences (rather
than evaporation diﬀerences as suggested by Aharonson et al. [2009]) between the hemispheres responsi-
ble for the hemispheric dichotomies. Since the thermal inertia of Titan’s surface is small and evaporation is
the dominant loss term balancing insolation in the surface energy budget (in our model as well as on Titan
itself ), evaporation follows insolation at the surface wherever surface methane is available to evaporate; this
holds irrespective of the rotation rate (Figure 1, second row). Thus, like annual-mean insolation, annual-mean
evaporation is essentially symmetric between the two hemispheres; it has similar structures andmagnitudes
for Titan’s and Earth’s rotation rate. By contrast, annual-mean precipitation exhibits hemispheric asymmetries
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Figure 2. Stream function (contours) of the mean meridional mass circulation averaged over northern spring and
summer, i.e., from vernal equinox (t = 0) to autumnal equinox (t = 0.5 Titan year = 14.7 Earth years). (a, c) Simulations
with perihelion in northern summer (𝜛 = 97.7∘). (b, d) Simulations with perihelion in southern summer (𝜛 = 277.7∘).
Figures 2a and 2b show simulations with Titan’s rotation rate; Figures 2c and 2d show simulations with Earth’s rotation
rate. Dashed contours for clockwise rotation; solid contours for anticlockwise rotation. The contour intervals are
2× 108 kg s−1 for the simulations with Titan’s rotation rate and 0.75× 108 kg s−1 for the simulations with Earth’s rotation
rate. Colors show the diﬀerence in the stream function strength between the simulations with perihelion in northern
summer (𝜛 = 97.7∘ , left) and in southern summer (𝜛 = 277.7∘ , right). Colors are shown only above the boundary layer
(𝜎 < 0.84). (The stream function intersects the surface because it is a seasonal mean, for which time tendencies of
surface pressure are not zero.)
and substantial diﬀerences between simulations with Titan’s and Earth’s rotation rates (Figure 1, third row).
For Titan’s rotation rate, mean precipitation is strongest in the polar regions. This leads to positive net pre-
cipitation in polar regions, balanced by negative net precipitation in lower latitudes and methane transport
along the surface (Figure 1, fourth row). With Titan’s current longitude of perihelion, the annually integrated
net precipitation averaged over the polar caps bounded by 60∘N/S is 0.93 m in the north versus 0.44 m in
the south; most of the additional 0.5 m of net precipitation in the north comes from additional precipitation.
When the rotation rate is increased to Earth’s, annual-mean precipitation in the polar regions is similar in the
north and south, and it is similar to evaporation, leading to small net precipitation in polar regions (Figure 1,
fourth row). However, in the equatorial region, annual-mean precipitation is 0.5 m greater in the southern
equatorial region (0 to 20∘S) than in the northern equatorial region (0 to 20∘N). This is responsible for the
surface methane accumulation in the southern equatorial region.
What leads to any net precipitation is the atmospheric meridional methane transport, which, in the annual
mean, is balanced by the methane transport along the surface. For Titan’s rotation rate, the atmospheric
meridional methane transport around the solstices reaches deep into the polar region of the summer hemi-
sphere (Figure 1, fourth row). For Earth’s rotation rate, by contrast, atmosphericmeridionalmethane transport
is largely conﬁned to the equatorial region. In either case, the methane transport at any time of year is domi-
nated by themeanmeridional circulation (MMC); eddy transports areweaker in every season (Figure S3 in the
supporting information). However, in the annualmean, eddy transports are comparablewithMMC transports
in low latitudes in the simulations with Titan’s rotation rate and are stronger than MMC transports in polar
regions in the simulations with Earth’s rotation rate, because of partially canceling seasonal contributions by
theMMC. For Titan’s rotation rate, theMMC (Hadley circulation) around the solstices reaches from the summer
to thewinter polar region,with the near-surface ﬂow transportingmethane from thewinter hemisphere deep
into the summer hemisphere (Figures 2a and 2b). For Earth’s rotation rate, by contrast, the Hadley circulation
is conﬁned to the equatorial region between 30∘S to 30∘N (Figures 2c and 2d). This diﬀerence between the
simulations is consistent with the theoretical expectation that the width of the Hadley circulation increases
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as the rotation rate decreases [Held and Hou, 1980;Walker and Schneider, 2006; Schneider, 2006;Mitchell et al.,
2006]. The diﬀerence is crucial for understanding the diﬀerences between the simulations mechanistically.
4. Mechanisms
In a statistically steady state, atmospheric methane transport balances net precipitation P − E in the annual
(⋅) and zonal [⋅]mean, according to the atmospheric methane budget integrated over atmospheric columns,
[P − E] = −∫
ps
0
1
r cos𝜙
𝜕
𝜕𝜙
(
cos𝜙
[
vq
]) dp
g
. (1)
Here 𝜙 is latitude, r the planetary radius, P the precipitation rate, E the evaporation rate, v meridional veloc-
ity, and q speciﬁc humidity. Because evaporation in the annual mean is essentially unaﬀected by precession
(Figure 1), changes of the annual-mean atmospheric meridional methane ﬂux 𝛿vq under precession are
approximately balanced by changes of annual-mean precipitation 𝛿P.
The response 𝛿vq of the atmospheric meridional methane ﬂux to precession can be decomposed as [Clement
et al., 2004; Held and Soden, 2006;Merlis et al., 2013b]
𝛿vq = q̄𝛿v̄ + v̄𝛿q̄ + 𝛿v̄𝛿q̄ + 𝛿v′q′, (2)
where q̄𝛿v̄ is the dynamic component, v̄𝛿q̄ is the thermodynamic component, 𝛿v̄𝛿q̄ is the quadratic inter-
action term, and 𝛿v′q′ represents changes in the transient eddy ﬂuxes. The thermodynamic component v̄𝛿q̄
represents changes of the speciﬁc humidity under precession, which are dominated by changes of the satura-
tion speciﬁc humidity qs: v̄𝛿q̄ ≈ v̄𝛿q̄s with relative humidity. By the Clausius-Clapeyron relation, changes
of the saturation speciﬁc humidity are related to temperature changes 𝛿T through 𝛿qs∕qs ≈ 𝛼𝛿T , where
𝛼 = d log(qs)∕dT is the fractional rate of change of saturation speciﬁc humiditywith temperature. Near Titan’s
surface, temperatures are around T = 92 K, giving 𝛼 ≈11% K−1 for methane; this is greater than 𝛼 ≈ 6.5% K−1
for water near Earth’s surface in the tropics [Held and Soden, 2006; Schneider et al., 2010]. However, the tem-
perature changes under precession are very small (<1 K). Thus, changes of the thermodynamic component
in response to precession end up being small: in our simulations both for Titan’s and Earth’s rotation rate,
they are about one order of magnitude smaller than changes of the dynamic component q̄𝛿v̄. This is dif-
ferent from simulations with Earth parameters, in which the thermodynamic component dominates over
the dynamic component when the surface is water covered because precession-induced temperature vari-
ations are much larger than in the simulations with Titan parameters [Merlis et al., 2013a, 2013b]. Similarly,
the quadratic interaction term 𝛿v̄𝛿q̄ and the changes in the transient eddy ﬂuxes 𝛿v′q′ are small relative to
changes of the dynamic component in regions where substantial net precipitation changes under preces-
sion occur (see Figure S4 in the supporting information). However, although precession-induced changes in
transient eddymoisture ﬂuxes 𝛿v′q′ areunimportant for shaping theP−E response, eddyﬂuxesgenerally—of
momentum and energy—are important for shaping the mean meridional circulation, as is well known
generally [Walker and Schneider, 2005; Schneider, 2006] and has also been seen in Titan simulations [Lora and
Mitchell, 2015].
Thus, the response of atmospheric methane ﬂuxes to orbital precession is dominated by the dynamic
component q𝛿v, as in comprehensive Earth simulations [Tigchelaar and Timmermann, 2015]. The dynamic
component represents the methane transport eﬀect of the MMC response to precession. The MMC can
change its strength and structure and inparticular the latitudeof its ascendingbranch. The latter is nonlinearly
coupled to the strength through the angular momentum balance: A Hadley circulation generally strength-
ens as its ascending branchmoves closer to the pole, with the strengthening beingmore nonlinear the closer
the upper branch of the circulation is to the angular momentum-conserving limit [Lindzen and Hou, 1988;
Walker and Schneider, 2005]. A brighter summer at perihelion can shift the ascending branch of the MMC
toward the summer pole, nonlinearly strengthening the circulation and leading to enhanced moisture trans-
port into the low-level convergence zone under the ascending branch. This occurs in the simulations with
Earth’s rotation rate: The ascending branch of the Hadley circulation shifts poleward in the brighter summer
at perihelion (Figures 2c and 2d). As a consequence, the solstitial circulation and the upward mass ﬂux in the
northern equatorial region strengthen when perihelion occurs in northern summer (Figure 3b), resulting in
the strongermoisture transport and enhanced net precipitation in the hemispherewith the brighter summer.
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Figure 3. Upward mass ﬂux (a) integrated over the polar region (poleward of 60∘N) for Titan simulations and
(b) integrated over the equatorial region from 0∘ to 30∘N for Earth simulations. The upward mass ﬂux is averaged
in the upper atmosphere (above 4 km). Red for southern summer perihelion (𝜛 = 277.7∘) and blue for northern
summer perihelion (𝜛 = 97.7∘).
The eﬀect of the shortening of summer during perihelion is small in the equatorial region: the upward mass
ﬂux extends over a similar period in the equatorial region whether summer coincides with perihelion or
aphelion (Figure 3b). Thus, the strengthening of the solstitial Hadley circulation dominates the annual-mean
response and leads to enhanced net precipitation in the hemisphere with the brighter summer.
By contrast, if the ascending branch is already located close to the pole, as it is in the simulation with Titan’s
rotation rate, the poleward shift and the associated strengthening of the Hadley circulation are limited by the
size of the planet. What can then dominate instead is the length of summer: a dimmer but longer summer
at aphelion may lead to an ascending branch of the Hadley circulation that is closer to the pole for a longer
period. Thus, averagedover spring and summer (fromequinox to equinox), the lengtheningof theperiodwith
a solstitial circulation pattern in the dimmer summer overcompensates the strengthening of the circulation
in the brighter summer, resulting in a stronger averagedHadley circulation in the dimmer summer (Figures 2a
and 2b). The same length-of-summer eﬀect also ampliﬁes the mean moisture transport toward the summer
pole, because the solstitialmoisture transport in a longer but dimmer summer is sustained for a longer period.
This occurs in our simulations with Titan’s rotation rate: The upward mass ﬂux in the polar region around the
dimmer summer solstice is slightly weaker, but the relatively strong solstitial moisture transport toward the
summer pole ismaintained for longer (Figure 3a). This overcompensates theweakened upwardmass ﬂux and
moisture transport and leads to more annual-mean net precipitation in the hemisphere with the longer and
dimmer summer (Figure 1).
5. Discussions and Conclusions
We have investigated the contrasting responses of atmospheres with Titan’s and Earth’s rotation rate to
orbital precession in a setting with no prescribed hemispheric asymmetries in boundary conditions other
than those associated with seasonal insolation variations. With Titan’s rotation rate, annual-mean precipita-
tion is stronger in the hemisphere with the dimmer but longer summer at aphelion. With Earth’s rotation
rate, annual-mean precipitation is stronger in the hemisphere with the brighter but shorter summer at
perihelion. The key to understanding this diﬀerence is the diﬀerent response of the dynamic component of
methane transport to orbital precession. For slow rotation rates (such as Titan’s), the ascending branch of the
MMC around solstice is located close to the summer pole. By contrast, it is located at a lower latitudes for
more rapid rotation rates (such as Earth’s). An ascending branch close to the pole cannot respond to orbital
precession by shifting farther poleward, limiting the degree to which the MMC strength and the moisture
transport the MMC engenders can respond nonlinearly. Instead, moisture transport can react to the length
of summer: strong (summertime) poleward moisture transport can occur for longer, leading to enhanced
annual-meanmoisture transport toward the pole with the dimmer but longer summer. An ascending branch
in lower latitudes can respond to orbital precession by shifting farther poleward, leading to nonlinear
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ampliﬁcation of the MMC and to enhanced annual-mean moisture transport into the hemisphere with the
brighter but shorter summer. This, ultimately, likely accounts for the hemispheric dichotomy in the methane
distributiononTitan,withmore surfacemethanenear thenorthpole—thepole that currentlyhas thedimmer
but longer summer.
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Erratum
In the originally published version of this article, several instances of text were incorrectly typeset. The
following have been since been corrected, and this version may be considered the authoritative version
of record.
In Figures 1 and 2, the degree symbol has been removed after "Latitude" and has been correctly added to the
latitude labels (−60, −30, 0, 30, and 60).
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